Conductivity noise across temperature driven transitions of rare-earth
  nickelate heterostructures by Daptary, Gopi Nath et al.
Conductivity noise across temperature driven transitions of rare-earth nickelate heterostructures
Gopi Nath Daptary,1 Siddharth Kumar,1 M. Kareev,2 J. Chakhalian,2 Aveek Bid,1, ∗ and S. Middey1, †
1Department of Physics, Indian Institute of Science, Bengaluru 560012, India
2Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854, USA
The metal-insulator transition (MIT) of bulk rare-earth nickelates is accompanied by a simultaneous charge
ordering (CO) transition. We have investigated low-frequency resistance fluctuations (noise) across the MIT and
magnetic transition of [EuNiO3/LaNiO3] superlattices, where selective suppression of charge ordering has been
achieved by mismatching the superlattice periodicity with the periodicity of charge ordering. We have observed
that irrespective of the presence/absence of long-range CO, the noise magnitude is enhanced by several orders
with strong non-1/f (f = frequency) component when the system undergoes MIT and magnetic transition.
The higher order statistics of resistance fluctuations reveal the presence of strong non-Gaussian components in
both cases, further indicating inhomogeneous electrical transport arising from the electronic phase separation.
Specifically, we find almost three orders of magnitude smaller noise in the insulating phase of the sample without
long-range CO compared to the sample with CO. These findings suggest that digital synthesis can be a potential
route to implement electronic transitions of complex oxides for device application.
I. INTRODUCTION
Metal-insulator transition (MIT), observed in complex ma-
terials as a function of temperature, chemical doping, electro-
static gating, magnetic field, light, pressure, epitaxy etc., re-
mains a topic of paramount interest over decades1,2. The com-
plexity of the mechanism of MIT in rare earth nickelate series
have attracted significant attentions in recent years3,4. In the
bulk form, RENiO3 with RE= Sm, Eu, Lu, Y etc. undergoes
a first order transition from an orthorhombic, metallic phase
without charge ordering to a monoclinic, insulating phase with
a rock-salt type charge ordering (CO)5,6. A magnetic transi-
tion (paramagnetic to E′-antiferromagnetic) occurs at a lower
temperature. Moreover, four transitions appear simultane-
ously in bulk NdNiO3 and PrNiO3. In order to explain the
origin of this peculiar MIT, the importance of structural transi-
tion7, electron correlations8, charge ordering9,10, distribution
of ligand holes11–16, polaron condensation17, Fermi surface
nesting18–20 etc. have been emphasized by different types of
experimental probes and theoretical methods. Interestingly, it
has been demonstrated recently that a MIT without any long-
range CO and structural symmetry change can be obtained in
the artificial structure of RENiO3 by mismatching the peri-
odicity of the heterostructure with the periodicity of rock-salt
type CO21. Apart from the interest arising from the aspect
of fundamental physics, RENiO3 based heterostructures also
show excellent potentials for electronics applications3,4,22–25.
The low-frequency 1/f noise is not only used for semi-
conductor device characterizations26, but also acts a powerful
tool to probe exotic phenomena like electronic phase sepa-
ration27, structural phase transition28, charge density wave29,
superconductor-normal state phase transition30,31 etc. The
frequency dependence of the power spectral density (PSD)
SR(f) (described later in the text) arises due to finite relax-
ation of the fluctuating variable. According to the central
limit theorem, the fluctuation statistics of a system is Gaus-
sian if the fluctuators are independent of each other32. How-
ever, the presence of any correlations due to magnetic, elec-
tronic, or structural interactions in the system would result in
non-Gaussian statistics of time dependent fluctuations. This
information can be extracted from higher order statistics of
resistance fluctuations via ‘second spectrum’33,34. The phase
transitions of SmNiO3, NdNiO3 single-crystalline films have
been studied by such noise and second spectrum measure-
ments35–37. The extremely large magnitude of noise and sec-
ond spectrum have been attributed to the coexistence of metal
and insulator phases near the electronic transition tempera-
ture. Such 1/f noise study can also provide crucial infor-
mation about the length scale of charge ordering as reported
earlier for colossal magnetoresistive (CMR)- manganites38.
In this work, we report on resistance fluctuations across
the electronic and magnetic transitions of [2uc EuNiO3/1uc
LaNiO3] (2ENO/1LNO) and [1uc EuNiO3/1uc LaNiO3]
(1ENO/1LNO) films (uc=unit cell in pseudo-cubic notation).
1ENO/1LNO superlattice (SL) exhibits four simultaneous
transitions21, similar to bulk NdNiO3 and PrNiO3. On the
other hand, 2ENO/1LNO SL is a rare example, which under-
goes a first-order MIT without any long-range CO and re-
mains monoclinic in both metallic and insulating phases21.
We have observed the random telegraphic noise (RTN) as
well as non-Gaussian component (NGC) of noise near the
MIT of these films, which confirms the coexistence of spa-
tially separated metallic and insulating phases in both sam-
ples. Importantly, we have found that the energy barrier,
separating these electronic phases and the associated length
scale of nanoscopic phase separation are similar in both sam-
ples. However, the noise magnitude in the insulating phase of
2ENO/1LNO SL is three-orders of magnitude smaller com-
pared to the corresponding noise in 1ENO/1LNO SL, suggest-
ing that the system having MIT without long-range charge or-
dering would be a better candidate for practical device appli-
cations. Interestingly, the higher order statistics of resistance
fluctuations (quantified as second spectrum) becomes maxi-
mum near the antiferromagnetic transition temperature (TN )
of 2ENO/1LNO SL, implying certain role of E′-magnetic or-
dering in opening gap in the multi-band Fermi surface.
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FIG. 1. Resistivity (ρ) as a function of temperature for (a)
1ENO/1LNO and (b) 2ENO/1LNO. Corresponding d ln(ρ)/d(1/T )
has been also plotted as a function of T (right axis of (a) and (b)).
II. EXPERIMENTAL DETAILS
[2uc EuNiO3/1uc LaNiO3]x12 (2ENO/1LNO) and [1uc
EuNiO3/1uc LaNiO3]x18 (1ENO/1LNO) superlattices (SLs)
have been grown on single crystalline NdGaO3 (110) sub-
strate by pulsed laser interval deposition. The details of
the growth conditions and characterizations can be found in
Refs. 21, 39, and 40. The resistance and noise measurements
have been performed in a cryo-free 4 K system.
III. RESULTS AND DISCUSSIONS
Figure 1(a) and (b) show the temperature dependent resis-
tivity (ρ) for 1ENO/1LNO and 2ENO/1LNO films, respec-
tively. From now onwards, we discuss the results of the heat-
ing run. As seen, 1ENO/1LNO and 2ENO/1LNO SLs un-
dergo first-order insulator to metal transitions around 165 K
and 245 K respectively. The magnetic transition temperatures
(TN ) are found to be 165 K for 1ENO/1LNO and 225 K for
2ENO/1LNO SL from d ln(ρ)/d(1/T ) vs. T plot39,41,42 [see
right axis of Fig. 1(a) and (b)] .
To probe nature of the electrical transport, we have mea-
sured low frequency resistance fluctuations of 1ENO/1LNO
and 2ENO/1LNO films using standard 4 probe lock-in (LIA)
technique34. This technique allows to measure both the sam-
ple as well as background noise. The sample has been cur-
rent biased (I) with an excitation frequency f∗ ∼ 220 Hz.
The voltage fluctuations δV (t) arise at the sideband of f∗
after the signal is demodulated from the LIA. The output of
the LIA has been digitized to a high speed analog to digi-
tal converter (ADC) and stored to get the time series of volt-
age fluctuations δV (t). The time series of voltage fluctua-
tions δV (t) has been converted to time series of resistance
fluctuations δR(t) as δR(t) = δV (t)/I . In Fig. 2(a), we
plot the time series of resistance fluctuations at different tem-
peratures for 1ENO/1LNO SL. As clearly seen, each time
series for T > TMIT consists of random resistance fluctu-
ations about the average value. Similar features have been
also seen in case of 2ENO/1LNO SL for T > TMIT (see
Appendix, Fig. 5). Interestingly, we observe the appear-
ance of random telegraphic noise (RTN) with the resistance
fluctuations between two states in the temperature range 140
K< T < 200 K for 1ENO/1LNO SL and 200 K< T < 260 K
for 2ENO/1LNO SL. These RTN are absent below 140 K for
1ENO/1LNO SL and 195 K for 2ENO/1LNO SL. Such RTN
has been also reported for other systems e.g. manganites38,
and two-dimensional superconductor29, where the system can
fluctuate between two distinct phases. Surprisingly, the ratio
of the temperature (TRTN), where RTN starts to appear and
the TMIT is very similar (∼ 0.85) for both 1ENO/1LNO and
2ENO/1LNO SLs.
To understand the origin of the RTN, we have investigated
the power spectral density (PSD) of the resistance fluctua-
tions SR(f). At each T , the resistance fluctuations have been
recorded for 30 minutes. The data have been decimated and
digitally filtered to eliminate 50 Hz line frequency. SR(f)
has been calculated using fast Fourier transformation (FFT)
technique from the filtered time series34. The minimum and
maximum frequency of the noise measurement are 4 mHz
and 8 Hz, respectively. In order to accentuate any devia-
tion from 1/f nature of the spectrum, we have plotted the
quantity fSR(f)/R2 as a function of f at few representative
temperatures for 1ENO/1LNO (Fig. 2(b)) and 2ENO/1LNO
(Fig. 2(c)). For T >> TMIT , the PSD SR(f) follows
1/fα dependence with α ∼ 1 for both samples. However,
a strong deviation from the 1/f dependence of the spec-
tral power has been found within the temperature range 140
K< T < 200 K for 1ENO/1LNO SL and 200K< T < 260
K for 2ENO/1LNO SL. Interestingly, these are the same tem-
perature ranges, where RTN has been also observed. Further
analysis shows that SR(f) in this temperature range has two
components: (a) 1/f component, and (b) a Lorentzian term
with a corner frequency fc as
SR(f)
R2
=
A
f
+
Bfc
f2 + f2c
(1)
The constantsA andB are the measure of the relative strength
of the two terms. The second term arises from single-
frequency fluctuator with a frequency fc. fc can be extracted
by the fitting (solid line) of the experimental data (symbol) us-
ing Eq. 1, as shown in Fig. 2(b) and (c) for 1ENO/1LNO and
2ENO/1LNO films, respectively for several temperatures.
The linear relation between ln(fc) vs. 1/T (Fig. 2(d))
demonstrates thermally activated behavior of fc (fc =
f0e
−Ea/kBT , kB is the Boltzmann’s constant) with an acti-
vation energy Ea ∼ 0.42± 0.03 eV for both samples. Similar
value of Ea was also observed in CMR manganite when it un-
dergoes charge order transition38. The physical significance
of this activated behavior can be visualized as follows. For
T << TMIT, the entire volume is spatially insulating and the
resistance fluctuations are completely random. When the tem-
perature reaches TRTN, metallic clusters start to nucleate in
the insulating background. Such metastable metallic phase is
separated from the insulating phase by the energy barrier Ea
(upper panel of Fig. 2(e)) and the competition between these
two phases results RTN in the resistance fluctuations. For
T >> TMIT, the system is again completely in the metallic
state (Fig. 2(e): lower panel) and fluctuations become random
again. In the subsequent paragraphs, we discuss the results
of integrated PSD and second spectrum to strengthen this pic-
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FIG. 2. (a) Time series of resistance fluctuations at few representative values of T of 1EuNiO3/1LaNiO3. (b) and (c) Scaled PSD of resistance
fluctuations, fSR(f)/R2 as a function of frequency at a few representative values of T for 1EuNiO3/1LaNiO3 and 2EuNiO3/1LaNiO3
respectively. The solid lines are the fits to the data with Eq. 1. For details, see text. (d) Plot of fc as a function of inverse temperature
with semi-log scale. Solid lines are an Arrhenius fit to the data as discussed in the text. (e) A schematic energy diagram of two level states:
insulating and metallic states. Upper and lower panel represent the position of electron (filled circle) while the system is in insulating and
metallic state respectively.
ture. Details of the quantitative estimation of noise level can
be found in Appendix.
The PSD of resistance fluctuations has been further inte-
grated over the measurement bandwidth to obtain the relative
variance δR
2
R2 (noise) =
1
R2
∫
SR(f)df . As can be seen from
the inset of Fig. 3 (a) and (b), the magnitude of noise in the in-
sulating phase of 1ENO/1LNO SL is 103 times larger than the
observed noise in insulating phase of 2ENO/1LNO SL. The
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1EuNiO3/1LaNiO3 and 2EuNiO3/1LaNiO3 respectively. For details
see text. Inset in (a) and (b) shows the semi-log plot of the total noise
as a function of temperatures.
noise value remains almost constant up to T ∼ 0.85TMIT for
both samples. While the noise is maximized around TMIT ∼
165 K for 1ENO/1LNO SL, the peak for 2ENO/1LNO SL ap-
pears around 230 K, which is 15 K lower than TMIT ∼ 245
K. Interestingly, this 2ENO/1LNO sample also shows an ad-
ditional noise peak around 210 K, which is again 15 K lower
than the TN ∼ 225 K. At this moment, the reason for this shift
between the transition temperature obtained from resistivity
measurement and the temperature of noise peak remains un-
clear. It may be related with the resistance fluctuations due
to short range charge orderings44 in insulating phase of this
sample. In spite of strong difference of the noise magnitude
in insulating phases of 1ENO/1LNO and 2ENO/1LNO films,
noise at 300 K has similar order of magnitude (∼ 10−8) in
both samples. In the temperature range 0.85 . T/TMIT .
1.1, the total noise δR
2
R2 behaves as
δR2
R2 =
∫ fmax
fmin
A
f df +∫ fmax
fmin
Bfc
f2+f2c
df =
(
δR2
R2
)
1
+
(
δR2
R2
)
2
for both samples. The
temperature dependence of total noise δR
2
R2 , the contribution of
the 1/f component ( δR
2
R2 )1 and Lorentzian component (
δR2
R2 )2
are shown in Fig. 3(a) and (b). It is remarkable that noise in
the temperature range 0.85 . T/TMIT . 1.1 predominantly
arises from the Lorentzian component with a negligible con-
tribution from 1/f term.
We note that the noise close to TMIT is 2-4 orders larger
than the conventional metal45, suggesting the microstructural
details of the superlattices are different from disorder metal-
lic systems. This large increase in noise close to TMIT can
be due to the percolative transition of electrons in an inhomo-
geneous medium46. It has been predicted for such medium
from the ‘random void model’ that noise scales as Rw with
w = 2.1. We find that δR
2
R2 ∝ Rw with w ∼ 2 ± 0.1 within
the temperature range 140 K 6 T 6 175 K for 1ENO/1LNO
4SL and 200 K 6 T 6 230 K for 2ENO/1LNO SL (see Ap-
pendix: Fig. 6). Such classical percolation picture has been
reported in other oxides as well when they undergo normal
to superconducting phase transition47,48. It can be seen from
Fig. 3 that the magnitude of noise of 1ENO/1LNO is three or-
ders larger than that of 2ENO/1LNO. Large increase in noise
have been seen in other oxide undergoing long range charge-
ordering transition38. We speculate that because of the ab-
sence of long range CO in 2ENO/1LNO SL, noise magnitude
is smaller than 1ENO/1LNO SL.
While the origin of noise in metallic phase can be un-
derstood from the Dutta-Horn model 49,50, such defect scat-
tering based mechanism fails to explain the peculiar behav-
ior of noise in the temperature range 0.85 . T/TMIT .
1.1 region. To gain better understanding of the origin of
such excess noise, we have investigated higher order statis-
tics of resistance fluctuations, which have been used to study
the presence of long-range correlations undergoing magnetic,
spin-glass52, superconducting transition48. To calculate the
higher order statistics of resistance fluctuations, we have
computed the second spectrum. The second spectrum is a
four-point correlation function of the resistance fluctuations
over a chosen octave (fl, fh) and is defined as S
f1
R (f2) =∫∞
0
〈δR2(t)〉〈δR2(t+ τ)〉cos(2pif2τ)dτ where f1 is the cen-
tre frequency of a chosen octave and f2 is the spectral fre-
quency. Physically, Sf1R (f2) represents the ‘spectral wander-
ing’or fluctuations in the PSD with time in the chosen fre-
quency octave53. To avoid artifacts in the actual signal from
the Gaussian background noise, we have calculated the sec-
ond spectrum over the frequency octave 0.09375-0.1875 Hz,
where the sample noise is significantly higher than the back-
ground noise. We show plot of the variation of second spec-
trum Sf1R (f2) with of frequency at different T for both su-
perlattices in Appendix (Fig. 7). A convenient way of repre-
senting the second spectrum is through the normalized form
σ(2) defined as σ(2) =
∫ fh−fl
0
Sf1R (f2)df2/[
∫ fh
fl
SR(f)df ]
2.
For Gaussian fluctuations, σ(2) = 3 and any deviation from
this value would imply the presence of NGC in the fluctua-
tion spectrum53. As expected, σ(2) ∼ 3 in metallic phase of
both samples (Fig. 4(a) and (b)). σ(2) starts to deviate from
3 for both samples around TMIT, implying that the observa-
tion of excess noise is intimately connected to the electronic
phase separation. In case of 1ENO/1LNO SL, σ(2) shows a
peak near T ∼ TMIT = TN . On the contrary, σ(2) becomes
maximum near T ∼ TN for 2ENO/1LNO SL. This surpris-
ing observation is likely to be related to the multi-band na-
ture of these materials. The Fermi surface of the paramag-
netic metallic phase consists of large hole pockets with small
electron pockets54. As inferred from the Hall effect measure-
ments by Ojha et al.42, the metal insulator transition results
in a partially gapped Fermi surface and the hole Fermi sur-
face vanishes around TN by the nesting driven paramagnetic
to E′-antiferromagnetic transition.
The length scale associated with the electronic phase sepa-
ration can be estimated if we consider that the activation en-
ergy (Ea) corresponds to the pure elastic energy generated
due to the volume difference between metallic and insulating
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FIG. 4. (a) and (b) Plot of normalized second spectrum
σ(2) as a function of temperature of 1EuNiO3/1LaNiO3 and
2EuNiO3/1LaNiO3 respectively.
phase38. The bulk modulus of EuNiO3 and LaNiO3 is ap-
proximately 320 GPa and 380 GPa, respectively55. The out-
of-plane lattice constant of the SLs shows around 0.2% ex-
pansion across the MIT21, yielding an energy density (Ev) ∼
160-190 kJ/m3 associated with the transformation. By assum-
ing that the metallic nucleating regions are spherical with a
diameter Lm, Ea ∼ 0.42 eV corresponds to Lm ∼ 7.0-7.4
nm. We note that conductive-atomic force microscopy study
with a spatial resolution of ∼ 100 nm has found nucleation of
metallic domains with size ∼100-300 nm in a NdNiO3 thin
film56. Our results emphasizes that nucleation of such metal-
lic phase happens at much shorter length scale.
Earlier X-ray absorption spectroscopy experiment demon-
strated the presence of short-range charge ordering even in
metallic phase of all RENiO344. Our present noise mea-
surements emphasize similar characteristics for both sam-
ples, such as random resistance fluctuations, 1/f noise for
T > TMIT and RTN in resistance fluctuations, non-1/f and
non-Gaussian characterization of noise for T > 0.85TMIT.
Further, the very similar length scale associated with nucle-
ation of metallic clusters in the insulating phase in both sam-
ples also suggests that the samples have similar electronic and
magnetic properties in nanoscale. However, the much smaller
noise magnitude of 2ENO/1LNO around TMIT compared to
1ENO/1LNO SL, and additional noise peak near TN infer that
the details of the electrical transport process depend on the
presence/absence of long-range charge and magnetic order-
ings. Complimentary microscopy experiments with sub-nm
resolution should help to clarify the details of the develop-
ment of long-range charge ordered phase from a short-range
charge ordered phase and the magnetic nature of phase sepa-
rated phases around the transition temperatures.
5IV. CONCLUSION
To summarize, we have observed the presence of large ex-
cess noise around the metal-insulator and magnetic transi-
tions in EuNiO3/LaNiO3 thin films. The appearance of RTN,
causing non-1/f noise below TMIT implies that the electronic
phase separation is responsible for the excess noise. This
is further corroborated by the observation of a large non-
Gaussian noise in the insulating phase. Noise in the metal-
lic phase shows 1/f behavior with the Gaussian statistics of
the resistance fluctuations. Observation of the maxima of σ(2)
near the TN for 2ENO/1LNO SL is likely to be connected to
the Fermi surface nesting driven origin of E′-type antiferro-
magnetic ordering. Our experiments highlight the importance
of resistance fluctuations study near the phase transition which
can be applied to understand transition between two electronic
phases of any system.
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APPENDIX
To compare the noise level of EuNiO3/LaNiO3 with other
nickelates, we have calculated the Hooge parameter γH43, de-
fined as γH =
N×f×SR(f)
R2 (N , total number of charge car-
riers has been evaluated from Hall effect measurement). The
value of γH for different nickelates have been tabulated in ta-
ble I. The large value of γH suggests that the origin of noise
of theseRENiO3 are different from the scattering mechanism
of electron with lattice phonon mode predicted by Hooge for
metals and semiconductors45. A possible explanation of large
increase in noise is the classical percolation of electrons in
inhomogeneous medium46.
TABLE I. Value of Hooge parameter for different nickelates at 300
K.
System Hooge parameter at 300 K
1EuNiO3/1LaNiO3 104
2EuNiO3/1LaNiO3 104
LaNiO3−δ57 103
SmNiO335 5× 103
NdNiO336,37 5× 106
0 4 0 0 8 0 0 1 2 0 0 1 6 0 0- 0 . 8
0 . 0
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FIG. 5. Time series of resistance fluctuations at few representative
values of T of 2EuNiO3/1LaNiO3.
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